We have obtained a 20 ks observation of PSR 0355+54 using the ROSAT PSPC. The pulsar is detected with a count rate of 4:2( 1:3) 10 ?3 s ?1 above the background. While the 70 source counts are insu cient for spectral tting, we have derived source parameters for speci c cases of power law as well as blackbody spectra. yr. No evidence is present for modulation at the 156 ms pulsar period, setting a weak upper limit of 75% for the pulsed fraction of the X-ray signal.
INTRODUCTION
X-ray emission from isolated pulsars can originate from a number of distinct mechanisms. These can be categorized in terms of the energy source: cooling of the hot stellar interior; energy derived from the pulsar spin-down; or gravitational energy released upon accretion of material from the interstellar medium (ISM). The exact mechanism by which energy is produced in the X-ray band di ers with each such scenario, and may actually consist of several modes and/or production sites. Cooling, for example, manifests itself as blackbody emission from the entire surface of the neutron star (NS). However, the spectrum may be modi ed by the presence of a thin atmosphere, and the details of the atmospheric e ects depend upon the surface magnetic eld strength. Further, thermal conductivity gradients across the surface, produced by the star's magnetic eld, may result in a nonuniform surface temperature. Spin-down energy, associated with acceleration of charged particles in the pulsar magnetosphere, may take the form of thermal emission from the heated polar caps, synchrotron radiation produced near the pulsar light cylinder, or a synchrotron nebula supported by the ambient medium and magnetic eld. Accretion luminosity may be thermal or nonthermal depending upon the exact mechanism by which the matter reaches the NS surface. Studies of the X-ray emission from isolated pulsars may thus provide information about the interior stellar structure, the surface characteristics of the NS, and the geometry and dynamics of the pulsar magnetosphere and its surroundings. The reader is referred to recent reviews by Ogelman (1994) and Finley (1994) for summaries of the current status of such X-ray studies. Here we study emission from PSR 0355+54 to investigate speci c emission scenarios, and to compare results with those obtained for other pulsars. PSR 0355+54 is a moderate age isolated pulsar (characteristic age P=2 _ P = 10 5:75 yr) with a fairly short period (156 ms). Radio studies show the pulsar to have relatively low timing noise, though occasional glitches have been observed including a massive glitch ( P=P = ?4:4 10 ?6 ) in 1986 (Lyne 1987) which was accompanied by a large change in spin-down rate. The post-glitch relaxation was studied by Alpar et al. (1988) in the context of a vortex creep model which describes the dynamical coupling of super uid regions in the NS interior to the crust rotation. The primary properties as determined by radio observations (Taylor et al. 1993 ) are summarized in Table 1 where we have also listed properties for the similar pulsar PSR 1055{52.
Using the spin-down energy loss rate, _ E, as an indicator, PSR 0355+54 is a good candidate for observable X-ray emission; only 10 of the 119 radio pulsars with distances, D, closer than PSR 0355+54 have larger values of _ E=D 2 , and 8 of these are known { 3 { X-ray emitters. X-ray observations of PSR 0355+54 were carried out with the Einstein Observatory, in a 19 ks pointing with the Imaging Proportional Counter (IPC), but the results were inconclusive. Weak emission from a position 1:7 arcmin from the radio position was detected, and Helfand (1983) suggested this could be evidence for extended emission from a synchrotron nebula associated with the pulsar. Seward and Wang (1988) considered the association tentative, reporting only an upper limit of L x < 4:8 10 31 ergs s ?1 . The study of this pulsar is particularly interesting because its properties are very similar to those of PSR 1055{52 (see Table 1 ), a known X-ray source (Cheng and Helfand 1983 , Brinkmann and Ogelman 1987 , Ogelman and Finley 1993 which has recently been detected as a -ray source as well (Fierro et al. 1993) . The properties of PSR 0355+54 suggest a Vela-like pulsar very near the outer-gap death line for sustained -ray production (Chen and Ruderman 1993 { see Section 4), although it must be noted that this interpretation is somewhat dependent upon the inclination of the magnetic eld relative to the pulsar spin axis; PSR 1055{52 has a radio pulse-interpulse separation of 180 (McCulloch et al. 1978) , suggesting a large inclination angle, while the PSR 0355+54 radio pro le shows a single peak (Morris et al. 1981) suggestive of a smaller inclination angle.
OBSERVATIONS
PSR 0355+54 was observed for 19,144 s, beginning on 13 March 1993, using the ROSAT Position Sensitive Proportional Counter (PSPC). The PSPC (Pfe ermann et al. 1986 ) provides coarse energy resolution E=E = 0:43(E=0:93) ?0:5 (FWHM)] over the bandpass 0.1{2.4 keV along with position resolution of 25 arcsec (FWHM). Event times are recorded with relative accuracies of 100 s, but absolute time uncertainties as large as 2 ms may occur over long periods (several days) due to clock drifts or resets. The PSR 0355+54 observation was carried out in 16 small segments spread over a 3 d period. After cleaning the data by removing any time intervals at the ends of these segments which showed evidence of increases in count rate due to bright Earth e ects, 16,644 s of good data remained. A faint X-ray source was detected at a nominal position RA(J2000) = 03h 58m 53.2s, Dec(J2000) = +54 13 0 00:6 00 , in good agreement with the pulsar position RA(J2000) = 03h 58m 53.7s, Dec(J2000) = +54 13 0 13:58 00 (Taylor et al. 1993 { see Figure  1 ). The position discrepancy (13.7 arcsec) is within the expected deviations based upon the spatial response of the detector and the limited number of counts in the image. The pulsar count rate was determined by extracting counts inside a circle of radius 2.5 arcmin centered on the source, using an annular region extending from 2.5 -8.3 arcmin for background { 4 { determination. We nd N = 70:6 21:7 source counts, corresponding to a count rate of R PSPC = 4:2( 1:3) 10 ?3 s ?1 . Data were restricted to PI bins 11{235 (PROS channels 3{33), corresponding to an energy band 0:1 ? 2:4 keV.
To search for evidence of extended emission we have smoothed the x-ray image with a 32 arcsec Gaussian pro le, and subtracted an identically selected and smoothed image of the calibration point source 3C273 normalized to the same number of (background-subtracted) counts. The resulting pro le indicates faint emission concentrated 1:6 arcmin from the pulsar, at a position angle approximately 72 north of east. This is consistent with the size of the o set described by Seward and Wang (1988) although the relative brightness of this region of enhancement is more than a factor of 5 smaller than that corresponding to the pulsar. The measured proper motion for PSR 0355+54 is = 5 4 mas yr ?1 , = 6 3 mas yr ?1 (Lyne et al. 1982) . The sky projection of this motion corresponds, within uncertainties, to the direction to the enhanced emission. This may indicate that the emission, which appears ahead of the pulsar motion, is the result of synchrotron radiation from a wind-driven nebula supported by the ram pressure created by the proper motion through the ISM (Cheng 1983 , Wang et al. 1993 . However, based upon the space density of sources with similar brightness observed in the eld, we do not consider the association between the pulsar and the faint residual source particularly compelling.
TIMING STUDIES
Using events extracted from a 30 arcsec (radius) circle centered on the source, we have searched for evidence of pulsations at the known radio period of 156 ms. While excluding 20 ? 30% of the source counts due to the nite spatial resolution of the mirror/PSPC system (the 90% fractional encircled energy radius ranges from 35 arcsec at 0.3 keV to 50 arcsec at 1.7 keV), this smaller source region reduces the background by a factor of > 30 over that in the 2.5 arcmin circle used for determining the source strength, providing increased sensitivity for the detection of pulsations. Event times were propagated to the solar system barycenter using the radio pulsar coordinates, and the Z 2 n test (Buccheri et al. 1983 ) was used to search for modulation at the fundamental and rst harmonic frequencies: where N is the total number of counts, j is the phase associated with event time t j (relative to the period being tested), and n is the number of harmonics being considered. A { 5 { recent radio ephemeris (Table 2 ) spanning the observation interval was obtained from the pulsar database maintained by the pulsar group at Princeton (as described by Taylor et al. 1993) . We nd no evidence for pulsations at the expected frequency, although the limited number of counts (N = 61) does not provide a high detection sensitivity. An upper limit to the pulsed power can be established based upon the Z 2 n statistic (van der Klis 1989). For the rst harmonic, the pulsed power is
Since, for random event times, Z 2 1 is distributed as 2 for two degrees of freedom, the null detection permits us to establish a 3 upper limit f < 50%. The expected number of background counts in the 30 arcsec circle is 16. Thus, the pulsed power from the pulsar alone is < 77%. This value is clearly not very constraining; with the exception of the Crab pulsar, which is nearly 100% pulsed, most pulsars have pulsed components smaller than the upper limit derived for PSR 0355+54. Similar analysis for X-rays from PSR 1055{52, for example, reveals a broad-band pulsed component of 8%. This component increases to 85% when only higher energy (E > 0:5 keV) photons are considered (see Ogelman and Finley 1993) , but a corresponding e ect in PSR 0355+54 would not be seen due to lack of photons.
SPECTRAL STUDIES
The PSR 0355+54 spectrum was extracted from a circular region of radius 2.5 arcmin, with background determined from the surrounding annulus extending to 4.2 arcmin. The limited number of photons precludes attempts at spectral tting to characterize the X-ray emission. However, by considering the number of counts in broad energy bands, it is possible to calculate hardness ratios which provide considerable information about the spectrum. We have used the binning scheme adopted in the IRAF/PROS analysis software and have tabulated counts in the following bands (corresponding to those used in the PSPC standard suggest a spectrum which is either inherently harder than that of PSR 1055{52, or which is more strongly absorbed.
We have carried out a spectral t for PSR 1055{52 using data from both the ROSAT PSPC and the Einstein IPC. We nd the best t for a two-component model (blackbody plus power law) with the parameters listed in Table 3 ; the temperature and power law index are in good agreement with those determined by Ogelman and Finley (1993) using only PSPC data plus the additional constraint that the power law index conform within 2 to that derived from the GRO data; our determination of the relative contribution between the two components di ers somewhat, however. Using the best-t value for N H , we have estimated the column density for PSR 0355+54 by scaling this to the ratio of dispersion measures (N H = 6:1 10 20 cm ?2 ). We then folded the PSR 1055{52 model spectrum through the additional absorption to determine whether the di erence in hardness ratios was an artifact of the column density. The hardness ratios for PSR 0355+54 are not reproduced by this process; the model spectrum is still considerably softer than that observed. However, the ISM ionization fraction toward PSR 1055{52 is likely to be much higher than that toward PSR 0355+54; with a dispersion measure of 30 cm ?3 pc (Taylor et al. 1993) , the N H value for PSR 1055{52 derived from the X-ray data yields an ionization fraction of 0.22 which is in the upper range of expected values. cm ?2 . Adopting this value with the spectral model for PSR 1055{52 yields hardness ratios closer to that observed for PSR 0355+54 , though still somewhat softer than the observed values. G omez-Gonz alez and Gu elin (1974) note that the 21-cm measurement for PSR 0355+54 was carried out at low resolution, so that the quoted total absorption is actually an underestimate. Increasing the N H value somewhat over that derived above brings the model hardness ratios more into line with those observed, but still predicts a spectrum softer than that observed, possibly suggesting a weaker low-temperature thermal component than that for PSR 1055{52.
With the limited spectral information available, we can still consider two important scenarios for the emission from PSR 0355+54 which will help characterize the emission. We rst consider the possibility that the X-ray ux is associated with thermal emission from the entire NS surface, as might be expected from cooling of the interior. We will show that this does not seem likely based upon the available data. Then we will derive the X-ray luminosity assuming Crab-like parameters for the emission, and investigate the associated X-ray luminosity in terms of the available spin-down power.
Blackbody Emission
After core collapse in a Type II supernova, a NS forms with an interior temperature of 10 11 ? 10 12 K. Initial cooling proceeds rapidly through neutrino emission from the core, primarily generated through the direct URCA reactions. Subsequent cooling depends sensitively on the core equation of state as well as on the structure of the NS crust where neutrino bremsstrahlung may be important. As energy di uses to the NS surface, it is radiated as blackbody emission with a characteristic temperature of 10 5 ? 10 6 K, peaking in the soft X-ray band. X-ray studies thus provide the most sensitive probe of NS cooling and the star's internal structure, including 1)the possibility that the direct URCA process operates at lower temperatures (and, thus, later times) due to large central densities (Lattimer et al. 1992, Page and Applegate 1992) ; 2)reheating due to frictional coupling of the crust and a separately rotating super uid component (Shibazaki and Lamb 1989) ; 3)presence of exotic matter in the NS core (Shibazaki and Lamb 1989, Page and Baron 1990) ; 4)e ects of super uidity in the NS crust (Nomoto and Tsuruta 1987, Shibazaki and Lamb 1989) ; and 5)the possibility of crust bremsstrahlung suppression due to band structure e ects (Pethick and Thorsson 1994) . Observations of cooling neutron stars have been reviewed recently by Ogelman (1994) who nds that the most convincing cases for cooling do not require the extended direct URCA cooling, nor do they suggest the presence of exotic material in the core which would lead to rapid cooling.
To investigate such scenarios for the emission from PSR 0355+54, we have considered emission from the entire surface of a NS with R = 10 km. This scenario is consistent with the lack of observed pulsations, although the limit derived for the pulsed fraction is not particularly constraining in this regard. To derive an e ective surface temperature which, given the characteristic age of the pulsar, may be compared with cooling models, we assume A thermal spectrum emitted from the NS surface will undergo modi cation in the { 8 { presence of an atmosphere (Miller 1992 , Shibanov et al. 1992 ) which may result in an enhancement of the Wein tail of the blackbody spectrum (at the expense of the Rayleigh-Jeans region). The e ective temperature derived from the modi ed spectrum may vary considerably from that of a pure blackbody; Ogelman and Finley (1993) nd nearly a factor of two di erence in the e ective temperature for a Shibanov et al. (1992) model when comparing it to an unmodi ed blackbody using PSR 1055{52 data obtained with the ROSAT PSPC. Similar calculations by Miller (1992) predict a somewhat smaller e ect for ROSAT HRI observations. The e ect is dependent upon both the magnetic eld strength and the NS surface temperature and composition. The derived e ective temperature further depends upon the spectral response of the detectors; if the e ective area peaks where the spectrum is relatively unmodi ed, the derived temperature will be close to the actual surface temperature. Attempts at modeling the atmosphere e ects are beyond the scope of this paper, and the number of photons collected, but inspection of previous results suggests that presence of an atmosphere would not change the derived temperature for PSR 0355+54 by as much as a factor of two.
The derived temperature falls above current cooling models (Figure 2 ). The data thus fail to constrain the models even though the derived temperature must be considered an upper limit since contribution from another emission component cannot be ruled out by the data; indeed, as we discuss below, the bulk of the emission appears to be derived from the pulsar spin-down.
Since the blackbody normalization is set by the pulsar radius and distance, and we have also speci ed the value of N H , the temperature is the only free parameter in the above analysis; the uncertainty in temperature re ects the uncertainty in the count rate. In reality, we have enough spectral information to confront this scenario more critically by considering the derived hardness ratios H 1 and H 2 . Keeping the blackbody normalization xed, we have considered a range of N H values and calculated the temperatures required to produce the observed count rate. We then generated models of these spectra, folded them through the PSPC spectral response, and calculated the associated hardness ratios. We nd that blackbody emission from the entire surface, for any reasonable N H values, cannot reproduce the observed hardness ratios ( Figure 3) ; the observed spectrum is harder than can be accommodated with thermal emission from the entire surface. We note, however, that thermal emission from a hot polar cap is not ruled out by these measurements (see Section 5). We also nd that accretion from the ISM cannot account for the observed luminosity (see Section 5). We conclude that the emission is primarily associated with either the pulsar magnetosphere or a compact synchrotron nebula; in either case, it is derived primarily from the pulsar's spin-down power. This indicates that the above temperature must be considered a strong upper limit; more sensitive observations are needed to de ne better the spectrum in order to assess the contribution of cooling to the total X-ray ux.
Power Law Emission
X-rays associated with energy derived from the pulsar magnetosphere can be produced in several ways. A relativistic electron wind may be con ned by the ambient circumstellar magnetic eld, resulting in a synchrotron nebula such as those associated with the Crab and Vela pulsars. Alternatively, direct magnetospheric X-rays can be produced in polar or outer gap regions where charge depletion allows strong E elds to develop along the NS magnetic eld lines.
In outer gap models, high energy radiation is produced through a bootstrap mechanism whereby energetic primary electrons generate -rays which, in turn, result in a pairproduction cascade; the secondary electrons boost ambient photons to high energies through inverse Compton scattering. Heating of the polar cap from back ow of relativistic electrons may produce soft X-ray emission. The magnetosphere can be classi ed as \Crab-like" or Vela-like" based upon whether curvature radiation or inverse Compton scattering is the dominant initial mechanism (Cheng, Ho, and Ruderman 1986a,b) . A \death line" for the outer gap mechanism can also be derived (Chen and Ruderman 1993) based upon the values of P and B (Figure 4) . The -ray production e ciency L = _ E increases as pulsars approach this death line.
In polar cap models (e.g. Daugherty and Harding 1982) curvature radiation in polar cap gap regions is responsible for the -ray production. Bombardment of the polar caps results in heating and soft X-ray production. This scenario has been proposed to explain X-ray and -ray results from Geminga (Harding et al. 1994) , and may explain the relatively hard emission from PSR 0355+54 .
PSR 0355+54 falls just below the death-line for outer-gap emission, as do several isolated X-ray emitting pulsars, though this line is actually somewhat dependent upon the inclination between the B-eld and the rotation axis. PSR 1055{52 also falls just below the death-line; X-ray and -ray emission suggest this source may actually operate under Vela-like acceleration conditions. This suggests the strong possibility that PSR 0355+54, like PSR 1055{52, could be an observable -ray source.
To investigate the characteristics of any power-law emission, we have assumed a
Crab-like spectrum (photon index = 2) and N H = 2 10 21 cm ?2 , as before. For such a spectrum, we nd an X-ray luminosity L x (0:1 ? 2:4 keV) = 1:0 10 32 erg s ?1 . This is { 10 { consistent with observed luminosities for other pulsars ( Figure 5 ). In particular, it is very similar to that which we derive for the power-law component from PSR 1055{52; using the PSR 1055{52 spectral index of 1.5 (see Table 3 ) reduces the PSR 0355+54 luminosity by a factor of two. The PSR 0355+54 results are in good agreement with other spin-down correlations, which further supports the interpretation of nonthermal emission.
DISCUSSION
The prospect of accretion from the ISM as the source of the X-ray luminosity has been discussed by Treves and Colpi (1991) . The measured proper motion for PSR 0355+54 is 8 mas yr ?1 (Lyne et al. 1982) . For a distance of 2.1 kpc, this provides a velocity lower limit v 30 km s ?1 . For spherically symmetric accretion, the accretion rate for a star moving through the ISM is (Bondi and Hoyle 1944; see Helfand et al. 1980 erg s ?1 for n H = 1 cm ?3 , which is more than twice the average value assuming the values of N H and D used above; an increase of n H by two orders of magnitude would be required to yield the observed luminosity, which seems quite unreasonable.
We have shown that the hardness ratios derived from the PSR 0355+54 data are not consistent with thermal emission from the entire NS surface, and have thus concluded that the bulk of the emission can not be attributed to cooling of the NS interior. A thermal spectrum at higher temperature, with a corresponding reduction in the size of the emitting region, is a distinct possibility, however. Such a scenario is expected in both polar and outer gap models due to heating of the polar caps by streams of energetic particles, and such a model has been proposed to describe X-ray data from PSR 1929+10 (Yancopoulos et al. 1994) . For an aligned dipole eld, the size of the polar cap is de ned by the last closed eld line:
We may thus use the PSR 0355+54 period to calculate an emitting area for the polar cap in an aligned rotator: A = 4:3 10 9 cm 2 . Along with the distance, this de nes the normalization for a model of blackbody emission from the polar caps. In order to reproduce { 11 { the observed count rate, again assuming N H = 2 10 21 cm ?2 , the cap temperature (corrected for redshift) must be kT = 301:6 eV (T = 3:5 10 6 K). A model spectrum with these parameters again fails to reproduce the observed hardness ratios, although it provides a better representation than can be accomplished with models for emission from the entire surface; it may indeed be possible to reproduce the results with proper combinations of A, T, and N H , but the data are not su cient to permit such independent determinations. In Figure 3 we plot hardness ratios derived for blackbody models with with N H xed as above, and with temperature and emitting area varying so as to produce the observed count rate for PSR 0355+54 . We note that the temperature derived above is very similar to that found for apparent polar cap emission from PSR 1929+10 (Yancopoulos et al. 1994) .
For a nearly orthogonal dipole, the X-ray luminosity resulting from bombardment of the polar caps is (Arons 1981a , Harding et al. 1994 L (Arons 1981b) , still too small to agree with the observations; further, this mechanism may only be applicable to slow pulsars with relatively small elds. It would appear that, if polar cap emission is indeed responsible for the X-ray emission, the associated particle acceleration does not occur (at least uniquely) in the polar regions.
As shown in Figure 5 , the luminosity derived for PSR 0355+54 corresponds well to that of other isolated pulsars based upon the available spin-down power. The solid lines indicated in the gure correspond to L x = _ E and L x = 2:5 10 ?17 _ E 1:39
an empirical relationship derived by Seward and Wang (1988) based upon Einstein results; Ogelman (1994) nds a similar result based upon more recent ROSAT pulsar detections. In the Figure, we have indicated the luminosity of the power law component only for PSR 1055{52 (see Table 3 ). This value is in excellent agreement with the derived luminosity for PSR 0355+54, as one might expect given the similarity in parameters, and gives further indication that the observed emission is derived from the spin-down. In PSR 1055{52, the power law component appears to extend from the Xray to the -ray range; the spectral values given in Table 3 predict a -ray { 12 { ux F(E > 100 MeV) = 4:1 10 ?7 photons cm ?2 s ?1 , in reasonable agreement with the observed value of 2:7( 0:5) 10 ?7 photons cm ?2 s ?1 . This suggests an association between the emission mechanisms which might be expected to hold for PSR 0355+54 . Assuming the same power law index leads to a predicted -ray ux F(E > 100 MeV) = 1:9 10 ?7 photons cm ?2 s ?1 . Clearly there are mitigating factors, such as magnetic eld orientation and geometry, which make such an estimate quite uncertain. Current limits on emission from PSR 0355+54 derived from EGRET data are (Thompson et al. 1994) F(E > 100 MeV) = 2:8 10 ?7 photons cm ?2 s ?1 and F(E > 1 GeV) = 2:4 10 ?8 photons cm ?2 s ?1 . Based upon the X-ray luminosity and known -ray behavior of PSR 1055{52, it appears extremely worthwhile to pursue further -ray studies of PSR 0355+54 .
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{ 13 { Vela-like outer gap emission are indicated (after Cheng and Ruderman 1993) . Known X-ray emitters are indicated. PSR 0355+54, like PSR 1055{52, lies at death line for Vela-like emission. In this region -rays dominate the outer gap emission, making PSR 0355+54 a good candidate for -ray study.
Figure 5: X-ray luminosity vs. spin-down power for known X-ray emitting isolated pulsars (after Seward and Wang 1988) ; luminosity values are from Ogelman (1994) . PSR 0355+54 luminosity agrees well with other pulsar values, in particular that for the power-law component of PSR 1055{52, suggesting emission is derived from the pulsar spin-down.
